Activation of signalling by fibroblast growth factor receptor leads to phosphorylation of the signalling attenuator human Sprouty 2 (hSpry2) on residue Y55. This event requires the presence of the signalling adaptor fibroblast growth factor receptor substrate 2 (FRS2). The phosphorylation of hSpry2 is therefore mediated by an intermediate kinase. Using a SRC family kinase-specific inhibitor and mutant cells, we show that hSpry2 is a direct substrate for SRC family kinases, including SRC itself. Activation of SRC via fibroblast growth factor signalling is dependent upon FRS2 and fibroblast growth factor receptor kinase activity. SRC forms a complex with hSpry2 and this interaction is enhanced by hSpry2 phosphorylation. Phosphorylation of hSpry2 is required for hSpry2 to inhibit activation of the extracellular signalregulated kinase pathway. These results show that recruitment of SRC to FRS2 leads to activation of signal attenuation pathways.
Introduction
A major question in growth factor action is how signalling dynamics are controlled by the components of the activated receptor complex (Yamada et al., 2004) . Fibroblast growth factor receptors (FGFRs) are signal transduction receptors that direct diverse cellular processes including cell growth, survival differentiation, migration and tissue morphogenesis (Mason, 1994; Wilkie et al., 1995) . FGFRs are receptor tyrosine kinases (RTKs) that form an activated multi-component signalling complex as a result of FGF ligand-binding, receptor dimerisation and inter-molecular tyrosine phosphorylation (Weiss and Schlessinger, 1998; Schlessinger, 2000) . The exact architecture(s) of the FGFR signalling complex is not fully defined. It is known that inter-molecular phosphorylation of FGFRs creates recognition sites for proteins, which contain sequence-specific phosphotyrosine binding domains. These can interact directly with the receptor -such as PLCγ (Mohammadi et al., 1991) -or indirectly via receptor-mediated tyrosine phosphorylation of adaptor proteins such as FGF receptor substrate 2/SNT1 (FRS2, also known as Sucassociated neurotrophic factor 1). Association of substrates with the phosphorylated form of FRS2 leads to activation of multiple signalling pathways (Hadari et al., 1998; Kusakabe et al., 2001; Ong et al., 2001; Stoletov et al., 2002; Wong et al., 2002a) .
FRS2 is a lipid-anchored adaptor protein that serves as the primary link between FGFR activation and Ras-MAP kinase signalling (Lin et al., 1998; Xu et al., 1998; Dhalluin et al., 2000; Ong et al., 2000) . FRS2 comprises a receptor recognition domain of the phosphotyrosine binding (PTB) class -which constitutively associates with the juxtamembrane region of the FGFR -and an effector domain which contains multiple tyrosine and serine phosphorylation sites which direct the association of further components of the signalling complex Ong et al., 2000) . Tyrosine-phosphorylation of FRS2 induced by FGFR activation promotes robust activation of the Ras-MAP kinase (ERK1/2) pathway . The sequence within the FGFR1 juxta-membrane region required for specific interaction with FRS2 was initially identified as KSIPLRRQVTVS (amino acids 419-430 in human FRS2) . It was revealed that the inclusion or elimination -via alternative splicing -of two amino acids in this region (V427 and T428 in FGFR1) dictates the formation of the FRS2-dependent signalling complex (Burgar et al., 2002) and subsequent activation of the Ras-MAP kinase pathway (Twigg et al., 1998) . Exploitation of these VT+ and VT-FGFR splice variants provides a powerful method to determine the role of FRS2 in FGFR-mediated signalling processes and the identity of FRS2 partners.
In some growth factor receptor systems, activation of receptor kinases results in subsequent activation of nonreceptor protein tyrosine kinases typified by SRC family, SYK family and Janus kinases. The SRC family kinases (SFKs) encompass several related members: SRC, FYN and YES are ubiquitously expressed; the expression of HCK, FGR, LYN and BLK is tissue-restricted (Courtneidge, 2002) . SRC is maintained in an inactive form by an interaction between phosphorylated Y527 in the C-terminal region and its Nterminal SRC homology domain 2 (SH2) domain. Disrupting this interaction causes SRC activation. This is coincident with phosphorylation of Y416 in the activation loop of SRC (Bjorge et al., 2000; Harrison, 2003) . RTK-mediated SRC activation was first observed following treatment of fibroblasts with platelet-derived growth factor (Ralston and Bishop, 1985; Gould and Hunter, 1988) . Subsequently, SFKs were shown to associate with activated platelet derived growth factor (PDGF) receptors (Kypta et al., 1990) . SFKs have also been implicated in signalling by other RTKs, including epidermal growth factor receptor, colony-stimulating factor receptor, nerve growth factor receptor and hepatocyte growth factor receptor (Thomas and Brugge, 1997; Abram and Courtneidge, 2000) . SFKs are potential substrates for activated FGFRs (Zhan et al., 1994) and it has been reported that FGFR activation may play either a stimulatory or inhibitory regulatory role on SRC kinase activity in a cell-type specific manner (Landgren et al., 1995; Klint and Claesson-Welsh, 1999) . However, neither the mechanism by which SFKs interact with activated FGFRs (Landgren et al., 1995) or the physiological substrates for FGFR-activated SFKs have been defined. Here, we identify the protein human Sprouty 2 (hSpry2) as a physiological substrate for FGFRactivated SFKs.
Sprouty was first identified as an antagonist of FGFdependent signalling pathways required for the correct apical branching of Drosophila melanogaster airways (Hacohen et al., 1998) and was confirmed as an intracellular protein capable of both positively and negatively modulating RTK signalling pathways in later studies (Christofori, 2003; Li et al., 2003) . Homologues of Sprouty have been identified in Xenopus laevis, chicken, mice and humans (Hacohen et al., 1998; de Maximy et al., 1999; Minowada et al., 1999; Tefft et al., 1999; Chambers and Mason, 2000) , implying an evolutionarily conserved function. Four sprouty genes have been identified in mammalian genomes (de Maximy et al., 1999; Minowada et al., 1999; Tefft et al., 1999; Guy et al., 2003) . Sprouty proteins comprise an N-terminal effector region containing a single tyrosine residue (Y55 in hSpry2), which is tyrosinephosphorylated following either FGFR or epidermal growth factor receptor (EGFR) activation (Egan et al., 2002; Hanafusa et al., 2002; Wong et al., 2002b; Fong et al., 2003; Hall et al., 2003; Rubin et al., 2003) and a C-terminal domain, which anchors the protein to the internal face of the plasma membrane (Hacohen et al., 1998; Casci et al., 1999; Lim et al., 2000; Impagnatiello et al., 2001 ). The exact function of Sprouty in different RTK signalling systems is controversial. However, it has been reported in a variety of species that FGFR signalling via the Ras-MAP kinase -and other undefined pathways -is attenuated in the presence of Sprouty protein (Minowada et al., 1999; Tefft et al., 1999; Impagnatiello et al., 2001; Lee et al., 2001; Maileux et al., 2001; Nutt et al., 2001) . A key issue, therefore, is the mechanism that connects FGFR activation to Sprouty phosphorylation and the role of this event in Sprouty function.
That a SRC-like kinase was required for tyrosinephosphorylation of Sprouty2 by growth factors has been suggested in a very recent study, using both pharmacological inhibitors and a dominant-negative SRC construct (Mason et al., 2004) . In this study, we demonstrate that hSpry2 is not a direct substrate for activated FGFRs but requires activated FGFR kinase, association of FRS2 with FGFRs and the consequential activation of SFKs. We also show that hSpry2 is a direct physiological substrate for activated SRC and that phosphorylation of hSpry2 on Y55 by SRC is necessary for hSpry2-mediated attenuation of activated ERK1/2. These findings reveal that activation of SRC via FRS2 is a key element of the FGFR signalling machine and that activation of SRC is required to attenuate signalling via the ERK1/2 pathway.
Materials and Methods

Plasmid constructs
Full-length hSpry2 cDNA was obtained from a human foetus-derived expressed sequence tag (EST) sequence by PCR (primers: 5′-CCC-GGATCCGTCGACATGGAGGCCAGAGCTCAGAGTGG-3′ and 5′-GGCCCTCGAGCTATGTTGGTTTTTCAAAG-3′) and sub-cloned into pEF-BOS-ires-Topaz mammalian expression vector (Burgar et al., 2002) at BamHI-XhoI sites. A point mutation in hSpry2 (Y55 to A55) was introduced using the QuickChange technique (Stratagene) (primers: 5′-CGAAACACCAATGAGGCGACAGAG-GGGCCTAC-3′ 5′-GTAGGCCCCTCTGTCGCCTCATTGGTGTTT-CG-3′). A sequence encoding the N-terminal region of hSpry2 (amino acids 1-172) was generated by PCR (primers: 5′-CCCGGATCC-ATGGAGGCCAGAGCTCAGAGTGG-3′ 5′-AGTGAATTCGCCC-AAATCTTCCTTGCTCAGTG-3′) and sub-cloned into pGEX3C vector (Hudson et al., 1996; Barton et al., 1999) at BamHI-EcoRI sites, generating a GST fusion protein. This vector contains an HRV3C protease recognition site between the GST and sequence of interest. Recombinant murine FGFR1s constructs: constitutively active FcFGFR1/FA/VT+, constitutively active FcFGFR1/FA/VT-, kinase Dead FcFGFR1/FD, and truncated FcFGFR1/FT have previously been described (Burgar et al., 2002) . Full-length human FGFR2 IIIc cDNA (see Anderson et al., 1998) (Cary et al., 2002) . SYF wild-type counterpart control cell line derived from mouse embryo fibroblast was generously provided by Margaret C. Frame (Cancer Research UK Beaston Laboratories, Glasgow, UK). All SYF related cell lines were cultured at 37°C, 5% CO 2 in DMEM supplemented with 4 mM L-glutamine, 1.5 g/l sodium bicarbonate (Invitrogen), 0.1 mg/ml streptomycin, 0.2 units/ml penicillin and 10% foetal bovine serum (Sigma). 293T cell transfection was carried out using the standard calcium phosphate method as described previously (Burgar et al., 2002) . Transfection of NIH3T3 cells and SYF cells was performed using lipofactamine 2000 (Invitrogen) following the manufacturer's instructions.
FGF2 stimulation
Either 24 or 48 hours after transfection, growth media was aspirated and the cells were washed carefully with PBS. The media was then replaced with serum-free media. Following serum-deprivation for 5 hours, cells were incubated with 100 ng/ml FGF2 (for details, see Anderson et al., 1998) and 10 µg/ml heparin (Celsus labs, Cincinnati, OH) at 37°C, 5% CO 2 for the indicated times. To terminate stimulation, the media was removed and the cells were washed with cold PBS and kept on ice before lysis.
SU6656 inhibition SU6656 (Calbiochem, Nottingham, UK) was dissolved in DMSO and stored at -20°C. Either 24 or 48 hours after transfection, the cells were washed carefully with PBS and changed to serum-free media. Cells were serum-deprived for 5 hours and then incubated with SU6656 (or DMSO as control) at indicated concentrations for 1 hour at 37°C, 5% CO 2 prior to FGF2 stimulation.
Cell lysis, immunoprecipitation (IP), and western blot analysis (IB)
Cell lysis, immunoprecipitation and western blots were essentially performed as described previously (Burgar et al., 2002) . Cells were lysed in a Triton X-100-based lysis buffer [10 mM Tris-HCl pH 8.0, 2.5 mM MgCl 2 , 5 mM EGTA pH 8.0, 0.5% Triton X-100 (w/v), 1 mM Na 3 VO 4 , 50 mM NaF and 1 tablet of protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) per 10 ml of buffer]. For analysis of recombinant murine FcFGFR1/FA/VT+, FcFGFR1/ FA/VT-, kinase Dead FGFR1, and truncated FGFR1, protein Asepharose fast flow slurries (Amersham Biosciences, Inc., UK) were directly added to aliquots of cleared cell lysates and incubated overnight at 4°C. For the immunoprecipitation of hSpry2, FGFR2 and SRC, aliquots of cleared lysates were incubated with 1 µg of corresponding antibodies for 1 hour at 4°C prior to the addition of 60 µl 50% washed-protein A or G-sepharose fast flow slurries (Amersham Biosciences). Following overnight incubation at 4°C and washing with PBS, bound proteins were eluted with SDS sample buffer [125 mM Tris-HCl pH 6.8, 20% glycerol (w/v), 4% SDS (w/v), 0.1% bromophenol blue (w/v), 10% β-mercaptoethanol (w/v)] and subjected to SDS PAGE. Anti-phosphotyrosine immunoblotting always utilised a cocktail of PY20 and 4G10.
In-vitro peptide binding assay Two 18-amino-acid-long peptides of hSpry2 which included Y55 (RAIRNTNEYTEGPTVVPR) in both its phosphorylated and non-phosphorylated form were synthesised (Alta Bioscience, Birmingham, UK). Both peptides were biotin-acetylated at the Nterminus and dissolved in DMSO to a concentration of 10 µg/µl. Peptides were stored at -20°C. Biotin-acetylated peptides (600 µg) were immobilised on 150 µl 50% UltraLink immobilised NeutrAvidin slurry (immobilised on 3M Emphaze™ Biosupport Medium AB 1) (Pierce, Rockford, IL) by a 1-hour incubation at RT. 293T cells ( 8×10 7 ) were lysed and cleared cell lysates collected by centrifugation (20,800 g for 30 minutes). Cleared cell lysates were then added to the peptide-immobilised NeutrAvidin Medium AB 1. After an overnight incubation at 4°C, the media was washed thoroughly with PBS and then SDS sample buffer was added before boiling (100°C for 5 minutes). Peptide-associated proteins were separated on SDS-PAGE gel for subsequent western blot analysis.
Purification of N-terminal hSpry2 and in vitro western blot kinase assay A GST-fused N-terminal region of hSpry2 was expressed in E. coli strain BL21. Protein expression, purification and 3C protease cleavage were performed as described previously (Hudson et al., 1996; Burgar et al., 2002; Underhill-Day et al., 2003) . SDS-PAGE and subsequent staining with Coomassie Blue confirmed the purity of this protein. This N-terminal region of hSpry2 was then utilised as a substrate for 'in-vitro kinase assays' as described previously (Ulrich et al., 2003) . Kinase reactions were performed in a final volume of 20 µl kinase reaction buffer (25 mM Tris-HCl pH 7.2, 31.25 mM MgCl 2 , 21.25 mM MnCl 2 , 1.5 mM EGTA, 262.5 µM Na 3 VO 4 , 0.7 mM DTT, 4 mM MOPS (pH 7.2) and 5 mM β-glycerol phosphate) containing 5 µg of the N-terminal region of hSpry2, in the presence or absence of either 100 µM ATP or 200 ng active SRC (Upstate, Lake Placid, NY). Reactions were incubated for 10 minutes at 30°C and stopped by adding SDS sample buffer and by boiling for 5 minutes. Proteins were resolved by SDS-PAGE (12%) and transferred to PVDF membrane (Millipore, Watford, UK) before probing with an anti-phosphotyrosine cocktail and a hSpry2 antibody.
Results
Activated FGFR phosphorylates hSpry2 in an FRS2-dependent manner
We began this study by examining the relationship between activated FGFRs and phosphorylation of hSpry2. We employed a version (and mutant derivates) of mouse FGFR1, in which the extracellular domain was replaced by the Fc component of human immunoglobulin (Burgar et al., 2002) . This form of FGFR1 exhibits constitutive tyrosine kinase activity via covalent dimerisation of the Fc moiety (Fig. 1A, lane 3) . Coexpression of FcFGFR1/FA/VT+ and hSpry2 in transfected 293T cells results in tyrosine phosphorylation of hSpry2 (Fig.  1A, lane 3) . No tyrosine-phosphorylation of hSpry2 was observed when coexpressed with either a 'kinase dead' version of FGFR1 (FcFGFR1/FD) or a truncated FGFR1 (FcFGFR1/FT) in which the kinase and juxta-membrane domains had been deleted (Fig. 1A , lane 4 and 5, respectively) despite comparative expression of all receptor constructs and hSpry2 (Fig. 1A , IB:Fc and IB:hSpry2, respectively). We also determined that there was no basal phosphorylation of either endogenous hSpry2 or transfected hSpry2 by the endogenous unstimulated FGFR population (Fig. 1A, lane 1 and 2, respectively). This experiment shows that activation of FGFR1 kinase results in phosphorylation of hSpry2.
We next investigated the requirement for FRS2 in the FGFR1-mediated phosphorylation of hSpry2. For this purpose we used the VT-form of the FcFGFR1/FA construct (Burgar et al., 2002) which, while retaining full kinase activity, does not exhibit constitutive association with FRS2 and cannot execute FRS2-dependent functions. As we expected, FcFGFR1/VT+ and FcFGFR1/VT-were constitutively active in the absence of FGF2 stimulation (data not shown). However, FcFGFR1-dependent tyrosine phosphorylation of hSpry2 is substantially attenuated when co-transfected with FcFGFR1/VT- (Fig. 1B, compare lanes 3 and 5) . This suggests that FGFR1-mediated phosphorylation of hSpry2 is mainly indirect and depends upon the association of FRS2 with FGFR1.
The identity of the hSpry2 tyrosine residue phosphorylated by FcFGFR1/FA in an FRS2-dependent manner was tested by examining the phosphorylation of a mutant form of hSpry2, in which Y55 was replaced by alanine (hSpry2Y55A). This mutant is not phosphorylated in response to either FcFGFR1/FA/VT+ or FcFGFR1/FA/VT- (Fig. 1B, lanes 4 and 6) despite equivalent expression levels (Fig. 1B, bottom and  centre panel, respectively) . This is not a peculiarity of the FcFGFR1/FA construct because activation of endogenous FGFRs by FGF2 results in phosphorylation of hSpry2WT but not hSpry2Y55A (Fig. 1B, lanes 1 and 2, respectively) .
Taken together, these results reveal that hSpry2 is phosphorylated on Y55 by a tyrosine kinase which is recruited by a mechanism that depends upon activation of FGFR kinase activity and FRS2. This kinase is not FGFR itself.
SU6656 inhibits FGFR-mediated tyrosine phosphorylation of hSpry2
Evidence from Xenopus FRS2 interactions with SRC-like kinase Laloo (Kusakabe et al., 2001 ) and in vitro association evidence from SRC and bacterially expressed GST-FGFR1 fusion proteins (Zhan et al., 1994) implicates SFKs as candidate kinases in the FRS2-dependent phosphorylation of hSpry2 Y55. We coexpressed FGFR2 and hSpry2WT, and examined the tyrosine phosphorylation of hSpry2WT in response to FGF2-activated FGFRs in the absence or presence of SU6656 (a selective SFK inhibitor) (see Blake et al., 2000) (Fig. 2A , lanes 2 and 3-6, respectively). FGFR activation-dependent tyrosine phosphorylation of hSpry2WT exhibits a dose-dependent inhibition when cells are pre-treated with SU6656 over a concentration range of 0.5-20 µM ( Fig. 2A, lanes 2-6) . This correlates with SRC activity, as shown by anti-SRC pY416 antibody ( Fig. 2A, second lower panel) , with an apparent IC 50 of 2 µM (data not shown). A dose-dependent inhibition of Spry2 phosphorylation by SU6656 was also observed by Mason et al. (Mason et al., 2004) . These data indicate that SFKs could be responsible for the phosphorylation of hSpry2.
Complete inhibition of hSpry2WT phosphorylation is only observed at 20 µM SU6656. We therefore investigated the possibility that non-selective inhibition of other kinases, such as FGFRs, occurs. The ligand-dependent or independent tyrosine phosphorylation state of FGFR2 is unaffected in the presence of 20 µM SU6656 (Fig. 2B, lanes 3 and 4,  respectively) . Elevated levels of FGFR activation and tyrosine phosphorylation of downstream signalling molecules are observed in this system which may be owing to an autocrine signalling mechanism in 293T cells (M. K. Hajihosseini, L.M.W. and X.L., unpublished). Tyrosine-phosphorylation of proteins that co-immunoprecipitated with FGFR2 is decreased compared with FGFR2 not exposed to SU6656 (Fig. 2B, upper  panel) . This result suggests that SU6656-sensitive SFKs may play a broad role in mediation of FGFR signalling. One or more SFKs might be directly regulated by FGFR activation in an FRS2-dependent fashion resulting in subsequent tyrosinephosphorylation of hSpry2WT.
Journal of Cell Science 117 (25) 
SFKs are required and sufficient for phosphorylation of hSpry2
We utilised the SYF cell line (Src/Yes/Fyn null) and derivatives thereof (Cary et al., 2002) to genetically define the requirement for SFKs in hSpry2 Y55 phosphorylation. SYF cells that stably express either wild-type SRC (SYF/wtSRC) or a constitutively active SRC (SYF/Y527F) were transfected with hSpry2WT and compared to similarly transfected cells stimulated with FGF2. Constitutively active SRC kinase results in elevated tyrosine-phosphorylation of hSpry2WT, independently of FGF2-mediated FGFR activation (Fig. 3A, lanes 3 and 4) . Conversely, hSpry2WT phosphorylation in response to wildtype SRC activation is FGF2-dependent, revealing a physiological requirement for FGFR activation (Fig. 3A, lanes  1 and 2) . SRC activity, revealed by anti-SRC pY416, correlates directly with the tyrosine-phosphorylation of hSpry2. This shows that hSpry2 is an FGF-dependent SRC tyrosine kinase substrate. We cannot exclude the possibility that other SFK(s) are involved in the FGF-dependent tyrosine phosphorylation of hSpry2.
We therefore predicted that, in the SFK-deficient SYF cell line, phosphorylation of hSpry2WT would be blocked in response to FGF2-mediated receptor activation. SRC/YES/FYN deficiency in SYF cells was confirmed by immunoblotting with an anti-SRC2 antibody which is immunoreactive against SFKs. Residual immunoreactivity may represent non-specific antibody binding or indicate the expression of one or more SFKs which are not SRC, YES or FYN. Using NIH3T3 cells as a positive control cell line, both cell lines were stimulated with FGF2 in the absence or presence of transfected hSpry2WT. Only NIH3T3 cells transfected with hSpry2WT exhibited FGFR ligand-dependent tyrosine phosphorylation of hSpry2 (Fig. 3B, lane 2) . No phosphorylation is observed in the SYF null background (Fig. 3B, lane 4) . Inhibition of ERK1/2 activation is only detected under conditions that result in hSpry2 tyrosine phosphorylation (Fig.  3B, lane 2) , which is in sharp contrast to the complete absence of hSpry2 phosphorylation in SYF cells and an unaltered ERK activity (Fig. 3B, lane 4) . These data confirm that one or more of SRC, FYN and YES tyrosine kinases phosphorylate hSpry2WT on Y55 in response to FGFR activation.
SYF cells were transfected with hSpry2 (Fig. 3C, lane 1) or co-transfected with either wild-type SRC or FYN (Fig. 3C , lanes 3 and 4, respectively) and stimulated with FGF2 to identify which SRC family kinases were involved in FGF2-induced hSpry2WT tyrosine phosphorylation. An SYF control cell line was used that expressed SRC, YES and FYN at endogenous levels (Fig. 3C, lane 2) . The results demonstrate that expression of either SRC or FYN in SYF cells restores FGF-mediated tyrosine-phosphorylation of hSpry2 (Fig. 3C,  lanes 3 and 4, respectively) . Endogenous SFK expression or transfection of SRC or FYN was also sufficient to restore inhibition of ERK1/2 activity in SYF cells (Fig. 3C, lanes 2, 3  and 4 , respectively). hSpry2WT tyrosine phosphorylation correlated with SFK activity as revealed by immunoblotting with anti-SRC pY416 antibody -which defines SFK activity -and anti-SRC2 -which defines SFK expression. We noticed that cells expressing SRC/YES/FYN at endogenous levels had a similar effect on the level of ERK1/2 inhibition, coincident with a decreased hSpry2 phosphorylation (Fig. 3C, lane 2) . Minimal phosphorylation of hSpry2 in the presence of multiple SFKs may be sufficient to enable hSpry2-mediated inhibition of ERK. Over-expression of either SRC or FYN can reproduce the inhibitory effect of one or more SFKs in SYF cell line.
These results together demonstrate that FGF-induced SRC tyrosine kinase activity is essential and sufficient for an hSpry2-mediated inhibition of ERK1/2 activation. The FGFR ligand-independent phosphorylation of hSpry2WT by constitutively active SRC also shows that SRC activation can modulate multiple receptor pathways by the phosphorylation of hSpry2WT and subsequent inhibition of ERK1/2. SRC-mediated phosphorylation of hSpry2 on Y55 is required for inhibition of ERK1/2 Having revealed that hSpry2 was a selective substrate for specific SFKs, we investigated the role of hSpry2 tyrosine phosphorylation in ERK inhibition. Several reports claim that phosphorylation of Y55 in Sprouty2 is required for ERK1/2 inhibition (Sasaki et al., 2001; Hanafusa et al., 2002) . Either hSpry2WT or hSpry2Y55A were transfected into NIH3T3 cells and FGFR activation was initiated by stimulation with FGF2 (Fig. 4A, lanes 4-6) . Endogenous FGFR2 was immunoprecipitated and immunoblotted with anti-FGFR2 or, as an index of activation, anti-phosphotyrosine antibodies (Fig.  4A ). These results demonstrate that neither hSpry2WT nor hSpry2Y55A were tyrosine phosphorylated in the absence of FGF2 stimulation (Fig. 4A, lanes 2 and 3, respectively) . By contrast, hSpry2WT was tyrosine phosphorylated following FGF2-dependent FGFR activation (Fig. 4A, lane 5) . Phosphorylation is completely ablated in the hSpry2Y55A mutant (Fig. 4A, lane 6) , showing that hSpry2 Y55 is phosphorylated by endogenous FGFR signalling pathways.
SYF cells stably expressing wild-type SRC or a constitutively active mutant (Fig. 4B, lanes 1-3 and 4-6 , respectively) were transfected with hSpry2WT or hSpry2Y55A to confirm that Y55 was the target for SFKmediated tyrosine-phosphorylation. After FGF2 stimulation, hSpry2WT exhibited tyrosine phosphorylation when either wtSRC or SRC Y527F is stably expressed in SYF cells (Fig.  4B, lanes 2 and 5, respectively) . Importantly, neither wtSRC nor SRC Y527F is able to phosphorylate hSpry2Y55A (Fig.  4B, lanes 3 and 6, respectively) . Expression of hSpry2WT coincided with SRC-mediated inhibition of ERK activity that was completely abolished by hSpry2Y55A (Fig. 4B , compare lanes 2 and 5 with 3 and 6). These data show that Y55 is the principal (and possibly only) FGF2-induced SFK target site for phosphorylation on hSpry2 and is essential for the SRCmediated inhibition of ERK1/2 activity.
hSpry2 is a direct substrate for SRC kinase The foregoing data do not eliminate a role for an intermediate kinase in the FGFR1/FRS2-SRC/hSpry2 cascade. To establish that hSpry2 is a direct substrate for SRC kinase we performed an in vitro phosphorylation assay using purified SRC and the Journal of Cell Science 117 (25) Fig. 3 . hSpry2 is a substrate for activated SRC kinase induced by FGF stimulation. (A) Tyrosine-phosphorylation of hSpry2 in SYF/wtSRC cells was dependent on FGF2 stimulation. Wildtype hSpry2 was transfected into SYF cells stably expressing wild-type SRC (SYF/wtSrc) or SYF cells stably expressing kinase active SRC (SYF/Src Y527F) and cells were incubated in the presence or absence of FGF2 (30 minutes). hSpry2 was immunoprecipitated and immunoblotted with either antiphosphotyrosine antibodies (IP:hSpry2) or anti-hSpry2 antibody (IB:pY and IB:hSpry2, respectively). Antibodies against SFKs (anti-SRC2) and active SFKs (anti-SRC pY416) were used to confirm SFK expression and activity. (B) SRC/FYN/YES deficiency resulted in loss of tyrosine-phosphorylation of hSpry2. SYF cells (deficient in SRC/FYN/YES tyrosine kinases) and NIH3T3 fibroblasts were stimulated with FGF2 (30 minutes) in either the presence or absence of transfected hSpry2WT. hSpry2 was immunoprecipitated and immunoblotted with either antiphosphotyrosine antibodies or anti-hSpry2 antibody. Anti-SRC (SRC2) antibody was used to check SFK expression in the cells. Cell lysates were immunoblotted with anti-active-ERK1/2 to assess the activation of endogenous ERK1/2 and reprobed with anti-ERK1/2 to confirm comparable protein loading. (C) SRC and FYN restored tyrosine phosphorylation of hSpry2 in SYF cells. Wild-type hSpry2 was co-expressed with either SRC or FYN into SYF cells. SYF or SYF control cells transfected with hSpry2WT were stimulated with FGF2 (30 minutes). hSpry2 was immunoprecipitated and immunoblotted with either anti-hSpry2 antibody or anti-phosphotyrosine antibodies. Antibodies against SFKs (anti-SRC2) and active SFKs (anti-SRC pY416) were used to confirm SFK expression and activity. Cell lysates were immunoblotted with anti-active-ERK1/2 to assess the activation of endogenous ERK1/2 and reprobed with anti-ERK1/2 to confirm comparable protein loading.
N-terminal region of hSpry2 (amino acids 1-172, containing Y55) as a substrate. The N-terminal hSpry2 region was purified as described previously (see Materials and methods). The results reveal that SRC directly phosphorylates hSpry2 Y55 (Fig. 5 ) in a reconstituted in vitro system using purified components.
Tyrosine-phosphorylated hSpry2 is physically associated with SRC We have demonstrated that hSpry2 is tyrosine-phosphorylated by SFKs in both SYF cells and in vitro. We therefore examined whether there is a physical interaction between hSpry2WT and SFKs and the role of hSpry2 Y55 phosphorylation in the formation of such a complex. In SYF cells or SYF cells transfected with either wtSRC, SRC Y527F or a kinase dead SRC (SRC KD), hSpry2WT coimmunoprecipitated with the activated SRC Y527F in the repeated experiments (Fig. 6A,  lane 3) , and no association of hSpry2 and either wtSRC or SRC KD was observed (Fig. 6A, lanes 2 and 4, respectively) . This reveals that tyrosine-phosphorylation of hSpry2 in the presence of constitutively activated SRC results in the formation of a stable complex between SRC and hSpry2.
We used two peptides (RAIRNTNEYTEGPTVVPR) derived from hSpry2WT that contained Y55 in its phosphorylated and non-phosphorylated form to examine the requirement for Y55 phosphorylation in the hSpry2/SRC association. Peptides were biotin-acetylated, immobilised on NeutrAvidin media and incubated with 293T whole-cell lysates. Peptide-bound proteins were isolated and an antiphosphotyrosine immunoreactive band of 60 kDa was confirmed as a SFK by anti-SRC2 antibody. The association of SRC2-reactive SFKs is significantly enriched in the phosphorylated peptide fraction compared to the nonphosphorylated peptide (Fig. 6B) .
These data reveal that the physical association between hSpry2 and SFKs is enhanced by phosphorylation of hSpry2 Y55. Thus, the phosphorylation of hSpry2 Y55 in response to FGF stimulation results in a stable physical complex, which includes SRC and hSpry2, and which is required for FGFR/FRS2-SRC/hSpry2-mediated suppression of ERK signalling.
Discussion
The importance of FGFR signalling dynamics in the regulation of downstream responses has been highlighted in both experimental (Hachonen et al., 1998; Minowada et al., 1999; Hajihosseini et al., 2004 ) and theoretical models (Yamada et al., 2004) . The magnitude and duration of FGFR signalling is dictated by feed-forward processes -such as activation of the Ras-MAP kinase pathway -and counteracted by inhibitory processes that include the action of signal attenuators exemplified by the Sprouty family of proteins (Hanafusa et al., 2002; Yusoff et al., 2002) . A key issue in defining FGFR signalling dynamics is to determine the molecular basis by which feed-forward processes are connected to the activity of signal attenuators. Here, we demonstrate that activation of FGFR signalling leads to activation of the attenuation functions of hSpry2 by phosphorylation of hSpry2 Y55. However, this is not a direct connection: we show that hSpry2 Y55 is directly phosphorylated by SRC following activation and recruitment to the FGFR signalling complex in a process that is FRS2-dependent. We also show that as a result SRC preferentially associates with the Y55 phosphorylated form of hSpry2. These results show that a subset of FGFR signalling functions are executed by the recruitment of non-receptor tyrosine kinases of the SRC family, that the signal activation is physically connected to signal attenuation by the recruitment of hSpry2 into the FGFR/FRS2-SRC signalling complex and that hSpry2 Y55 plays a pivotal role in signal attenuation.
The activity of SRC has been associated with several RTKinduced signal transduction systems (Thomas and Brugge, 1997; Abram and Courtneidge, 2000; Courtneidge, 2002) . SRC has been implicated in FGFR-induced neurite outgrowth (Kremer et al., 1991) , is required for cell migration and shape changes induced by FGFR (Liu et al., 1999) and is a necessary component for FGFR1 signal transduction in Xenopus (Browaeys-Poly et al., 2000) . The SFKs, XFyn and Laloo, are required for FGF-induced mesoderm induction during Xenopus early development (Weinstein et al., 1998; Hama et al., 2001; Kusakabe et al., 2001; Weinstein and Hemmati-Srivanlou, 2001 ). Here we extend these observations by showing that, in mammalian cells, SRC kinase activity is induced by FGFR kinase activity in a process which is dependent upon FGFRassociated FRS2. FRS2 is a direct substrate for the FGFR kinase Ong et al., 2000) undergoing phosphorylation at multiple tyrosine residues in the effector domain. Based upon the defined mechanism of SRC kinase activation following dephosphorylation of Y527 and subsequent release of the SRC-SH2 domain (Bjorge et al., 2000; Harrison, 2003) , we propose that the mechanism of SRC activation by FGFRs involves interaction of one, or more, FRS2 phosphorylated tyrosine residues with the SRC SH2 domain. We note that Y 306 ENI in FRS2 conforms to the consensus SRC SH2 binding site (Songyang et al., 1993) although the exact residue(s) involved in this process remain to be experimentally defined.
This study also shows that activation of SFKs is an intrinsic feature of FGFR signalling mediated via the phosphorylation of FRS2, which suggests that the activity of non-receptor tyrosine kinases may be more significant in the propagation of FGFR signals than has so far been appreciated. It has been well established, for example, that SRC plays a profound role in the regulation of actin cytoskeleton assembly/disassembly and cell adhesion (Frame, 2004) . FGFR signalling has also been shown in a variety of models to elicit profound effects on cytoskeletal architecture and cell shape (Wilson and Leptin, 2000; Davidson et al., 2001; Rozenblatt-Rosen et al., 2002 ) and it will be important to determine the extent to which these issues are interconnected.
In this study we identify hSpry2 residue Y55 as a key target for the FGFR/FRS2-SRC kinase axis. This confirms previous reports (Sasaki et al., 2001; Hanafusa et al., 2002) , which have implicated this residue in Sprouty-mediated attenuation of Ras-MAP kinase signalling. The phosphorylation of this conserved amino acid is also known to regulate the association of Sprouty with other key signalling intermediates: GRB2 (Hanafusa et al., 2002) , FRS2 (Tefft et al., 2002) and CBL Hall et al., 2003; Rubin et al., 2003) . Other proteins that associate with Sprouty in a Y55-independent manner include Raf (Sasaki et al., 2003) , caveolin-1 (Impagnatiello et al.,
Journal of Cell Science 117 (25) Fig. 6 . Tyrosine-phosphorylated hSpry2 is associated with SRC. (A) hSpry2 was associated with SRC. hSpry2WT was transfected into SYF cells alone or SYF cells stably expressing wtSRC (SYF/wtSrc), kinase active SRC (SYF/Src Y527F) or a kinase dead SRC (SYF/Src KD). Cells were subsequently stimulated with FGF2 (30 minutes). SRC was immunoprecipitated with a monoclonal anti-SRCMab327 antibody and immunoblotted with anti-SRC (SRC2) antibody and hSpry2 association was examined using anti-hSpry2 antibody. Relative expression and phosphorylation of hSpry2 was confirmed with either anti-hSpry2 antibody or anti-phosphotyrosine antibodies. (B) Preferential pY55-mediated association of SRC with hSpry2. Peptides derived from hSpry2 that included Y55 in both its phosphorylated (lanes 1) and non-phosphorylated (lanes 2) form were used to isolate potential binding partners. Peptide-associated proteins were resolved on SDS-PAGE gel, and the presence of SFKs revealed utilizing anti-phosphotyrosine antibodies and anti-SFK (SRC2) antibody.
2001) and PTP1B (Yigzaw et al., 2003) . Many of these effectors have been implicated in SRC signalling: either as regulators of SRC activity [PTP1B, CBL (Bjorge et al., 2000; Sanjay et al., 2001) ], as SRC substrates [Raf (Tran and Frost, 2003) ] or SRC-associated proteins [caveolin (Li et al., 1996) ]. This may be no coincidence because we show in this study that there is a pre-existing physical association between SRC and hSpry2 that is enhanced by phosphorylation of hSpry2 Y55. Some studies have shown that the C-terminal cysteine-rich membrane targeting region of Sprouty is required to confer its inhibitory activity on the ERK1/2 pathway (Yigzaw et al., 2001; Egan et al., 2002) . A proline-rich sequence (P 192 RPLP) in this region conforms to the SRC-homology 3 domain (SH3) target recognition sequence (Rickles et al., 1994) . It is therefore possible that SRC also exhibits an association with Sprouty, via the C-terminal membrane-targeting domain that, upon association with FRS2, results in activation of SRC and concomitant phosphorylation of hSpry2 Y55. Where we demonstrate SRC-hSpry2 association (Fig. 6) , the absence of C-terminal domain of hSpry2 does not eliminate any further possibility of its interaction with SRC. Since sprouty genes exhibit highly specific patterns of expression in development (Chambers and Mason, 2000) , it will be important to test these hypotheses using genetic approaches in vivo. As we observed (Fig. 3C, Fig. 4B ), there was no linear relationship between tyrosine-phosphorylation of hSpry2 and inhibition of ERK1/2, which suggests the inhibition of ERK1/2 by Sprouty may involve more domain(s) and/or molecules cooperated in this process aside from Y55.
Together, these data show that recruitment of SRC to the FGFR signalling machine via FRS2 acts as a signalling bifurcation that converts feed-forward processes, which are FRS2-dependent, into hSpry2 phosphorylation-dependent attenuation processes. SRC -often considered a feed-forward agent in signal transduction -is in this case an agent of signal attenuation.
